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Abstract: Complexes of W(CO)s with
neutral diatomic pnictogen ligands N,,
P,, As,, Sb,, and Bi, and anionic Group
14 ligands Si,>~, Ge,>~, Sn,’~, and Pb,>~
coordinated in both side-on and end-on
fashion have been optimized by using
density functional theory at the BP86
level with valence sets of TZP quality.
The calculated bond energies have been
used to compare the preferential bind-
ing modes of each respective ligand. The
results were interpreted by analyzing the
nature of the interaction between the
ligands and the metal fragment using an

quantitative information regarding the
strength of covalent and electrostatic
interactions between the metal and
ligand, as well as the contributions by
orbitals of different symmetry to the
covalent bonding. Results show that all
the ligands studied bind preferentially in
a side-on coordination mode, with the
exception of N,, which prefers to coor-
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dinate in an end-on mode. The prefer-
ence of the heavier homologues P, - Bi,
for binding in a side-on mode over the
end-on mode in the neutral complexes
[(CO)sWE,] comes mainly from the
much stronger electrostatic attraction
in the former species. The energy differ-
ence between the side-on and end-on
isomers of the negatively charged com-
plexes with the ligands Si,>~, Ge,>,
Sn,>~, and Pb,>~ is much less and it
cannot be ascribed to a particular bond-
ing component.

energy partitioning method. This yields

Introduction

Heavier element homologues of dinitrogen, that is P,, As,,
Sb,, and Bi, are only found as free molecules at high
temperatures in the gas phase.l! These molecules can,
however, be stabilized by coordination to two or more
organometallic species, typically metal carbonyl compounds,
in a variety of different ways.”l The diatomic ligands, in
particular As,, are able to act formally as four-, six-, or even
eight-electron donor species,?¥ primarily by side-on coordi-
nation to metal species. The bonding behavior of the heavier
homologues is substantially different to that of N, which
preferentially binds in an end-on manner to a single metal
center,Bl although a number of examples of two metal
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fragments both coordinating end-on have been reported.[
Side-on coordination of N, to a single organometallic frag-
ment has been postulated for transition states in intramolec-
ular N exchanges,’) however only one example of a photo-
induced metastable complex with N, coordinated in a side-on
manner has been structurally characterized.] A few com-
plexes containing N, coordinated side-on to two organo-
metallic fragments have also been characterized by X-ray
crystallography.l“ 71

Despite the fact that the ligands P,—Bi, serve many-
electron donors in numerous complexes, the P-P, As—As,
Sb-Sb, and Bi-Bi separations are still considerably shorter
than in the respective single bonds. In the case of As, this
short bond length has been attributed to a high degree of
multiple-bond character,®! where it is assumed that the
electron donation and back-bonding interactions result in a
decrease in bond order from 3 (in the free state) to 2 in the
complex. This was proposed to result from a decrease in the -
bonding order from 2 to 1, by (a) electron donation from filled
7t orbitals on As, to metal orbitals and (b) back-donation of
electron density from the metal center to empty st* orbitals on
As,. It was thus concluded that both processes occur
synergistically, yielding no net charge-transfer. It has also
been suggested? that in the complex [Co,(CO)sAs,] the
Co(CO); groups can be regarded as “electron sinks”, remov-
ing electron density from the diarsenic fragment. The result-
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ing reduction in electron pair repulsions within the As, ligand
then yield the significantly shorter As—As bonds observed.

Campana et al.”l reached a similar conclusion when study-
ing the isostructural and isoelectronic [Co,(CO)s{P(C¢Hjs);}P,]
complex. In this example, a bond length to valence bond order
curve was available for P,, which was employed to determine
a bond order of 2 for the diphosphorus ligand in the complex.
A reduction in 7t bond order was determined to be the reason
for this. It has been proposed that in “star-type” complexes, in
which three W(CO); fragments coordinate to As,, Sb,, or Bi,
(which thus act as six-electron donors), electron donation
takes place not only from the & orbitals, but also from the o
orbitals.’dl A theoretical calculation of the bond situation in
[W(CO);As,] by using extended Hiickel theory?sl showed that
the good m-acceptor ability of the As, molecule assists the
complex formation, since the presence of a weak As—As &
bond results in a low-energy m* orbital, which can easily
overlap with the d orbitals on tungsten. The As—As o bond
was also found to be weak, with a correspondingly high energy
level, thus allowing bonding to the metal fragment. The
Dewar - Chatt— Duncanson model was therefore not utilized
for describing the bonding in [{W(CO)s};As,].

The behavior of the Group 15 diatomic molecules E, (E =
P-Bi) as ligands in transition-metal complexes is also found
for the isoelectronic Group 14 diatomic dianions E,>~ (E=
Si-Pb). For example, the recent synthesis of a complex which
is analogous to [{W(CO)s};As,] containing the valence
isoelectronic Pb,>~ fragment coordinated to four W(CO);s
fragments (three side-on coordinated fragments in star-type
coordination mode and one end-on coordinated fragment)
leads to a structure whose Pb—Pb bond length is also very
short, despite the Pb,>~ ligand acting as an eight-electron
donor.l

The experimental observations pose important questions
about the bonding situation in complexes of diatomic ligands
of Group 14 and Group 15 elements, which have not been
answered with modern quantum-chemical methods. What is
the reason that N, bonds preferentially in an end-on manner,
while the heavier homologues P,—Bi, prefer side-on coordi-
nation? What is the difference in the bonding situation
between the Group 15 ligands and the isoelectronic Group 14
dianions in transition-metal complexes? What is the nature of
the metal - E, interactions in terms of covalent and electro-
static bonding and which orbitals are involved? What is the
theoretically predicted bond dissociation energy of the
ligands? What is the strength of the metal — E, donation
and the metal — E, back-donation? An additional interesting
point is that star-type complexes containing lighter homo-
logues of As, and Pb,>~ have not yet been observed
experimentally.

To answer these questions, it was decided to first study how
one W(CO)s fragment interacts with neutral dinitrogen (1),
diphosphorus (2), diarsenic (3), diantimony (4), and dibis-
muth (5) ligands, in both the side-on (1s—5s) and end-on
(1e—5e) coordinated modes. For comparison the uncoordi-
nated E, molecules (1-5) were also calculated. Furthermore,
calculations were also performed on complexes containing the
isoelectronic homologues of 1-5: dianionic carbon (6),
disilicon (7), digermanium (8), ditin (9), and dilead (10).
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However, for the dicarbon homologue it proved impossible to
obtain stable minima with the same side-on and end-on
structures as the remainder of the complexes. The calculated
structures of [(CO)sW(C,)]>~ will be reported in a separate
paper. A discussion of 6, 6s, and 6 e will thus not be included in
this work. This work lays the foundation for an understanding
of the metal-ligand bonding of the ligands E, (E =N-Bi)
and E,> (E=Si-Pb) in mononuclear complexes
[(CO)sW(E,)] and [(CO)sW(E,)]*~. Our work is the first
quantum-chemical investigation at the DFT or ab initio level
of theory of the molecules, except for the dinitrogen species 1s
and 1e which have been reported before.'!] In a future study
we will report the oligonuclear complexes [{W(CO)s},.E,] and
[{(W(CO)s},E,]*~ (n=2-5).

Computational Methods

The calculations were performed at the nonlocal DFT level of theory using
the exchange functional of Beckel'” and the correlation functional of
Perdew!’] (BP86). Calculations were performed with the programs
Gaussian98('¥ and/or ADF-2000.02.1 The reason for choosing two
programs is that Gaussian98 has analytical second derivatives that make
the calculation of the vibrational frequencies much more efficient than with
ADF which has only numerical second derivatives. On the other hand, the
energy decomposition analysis can only be carried out with ADF.

In the Gaussian calculations the basis sets used for C and O were 6-31G(d)
for neutral complexes, and 6-31+ G(d) for the anionic complexes.
LANL2DZ!') was used for W. Stuttgart basis sets!'’] with effective core
potentials and one polarization function (Huzinagal'®l where available ;"]
for N (£=0.853), P ((=0.380), and Si ({=0.276) the exponents of the
polarization functions were optimized by using numerical interpolation of
the calculated atomic energies at CISD level, according to the method of
Hollwarth et al.?%) were used for N, P, As, Sb, Bi, Si, Ge, Sn, and Pb. One
set of diffuse s and p functions were added to Si (§;= 0.02899; {, = 0.02383),
Ge (£,=0.02134; ,=0.0204), Sn (£, =0.02484; {,=0.01566), and Pb ({,=
0.0238; £, =0.01635); the exponents (E ) Were determined following the
method suggested by Lee and Schaefer?! [Eq. (1)], where L, L —1, and
L —2 are the last, second last, and third last exponents of the primitive set
respectively. This level of theory is denoted as BP86/LANL2DZ(+).

+L71>L 1)
L-1 L-2

—1
gdiffuse - /2(

In ADF triple-{ basis sets augmented with one polarization function were
used for all atoms. Relativistic effects were included by using the ZORA
formalism.?! One set of diffuse s and p functions were added for anionic
complexes to C, O, Si, Ge, Sn, and Pb; diffuse coefficients for C and O were
taken from Guan et al.,?! diffuse coefficients for Si (§,=0.75; £,=0.50),
Ge (£,=0.7875; §,=0.4668), Sn (, = 0.887; {, = 0.527), and Pb ({,=1.033;
,=0.572) were added to the existing basis set in an even-tempered way,
similar to that described above. This level of theory is denoted as BP86/
TZP. The values in the paper refer to calculations at BPS86/TZP unless
otherwise specified.

Geometry optimizations were performed with both Gaussian 981l and
ADF-2000.02.11  Vibrational frequency calculations at BP86/
LANL2DZ(+) were used to confirm that minimum energy conformations
had been achieved, natural bond orbital (NBO) analysis (as implemented
in Gaussian98)?* yielded atomic charges and bond orders. The bonding
interactions between the E —E molecules and the W(CO); fragment were
determined using the energy decomposition method in ADE®I In this
method the instantaneous interaction energy (AE;,) between the two
fragments can be divided into three components [Eq (2)], where AE,

AE=AE g + AEpu + AEqy (2)

gives the electrostatic interaction energy between the fragments, calculated
with a frozen electron density distribution in the geometry of the complex.
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AEp,,; gives the repulsive four-electron interactions between occupied
orbitals and AE,, gives the stabilizing orbital interactions. Since AE,;, can
be considered as an estimate of the covalent contributions to the bonding
the ratio of AE,./AE,,, indicates the electrostatic or covalent nature of
the bond. Furthermore, the contributions of o and & bonding to a covalent
multiple bond can be determined by partitioning the AE,,, term into the
contributions by orbitals that belong to different irreducible representa-
tions of the interacting system.

The bond dissociation energy AE, can be determined from AE;, and the
fragment preparation energy AFE,.,, which is the energy necessary to
promote fragments from their equilibrium geometry and electronic ground
state to the geometry and electronic state of the optimized structure [Eq.

3]

AE. =AE,, + AEy, 3)

Results and Discussion

Neutral molecules (1s-5s, 1e-5e, 1u-5u): Geometry
optimization of the W(CO)s; complexes with neutral E,
ligands revealed that the minimum energy conformation for
side-on coordination has an eclipsed C,, symmetry, whereas
complexes containing E, fragments in the end-on coordina-
tion mode have C,, symmetry minimum energy conforma-
tions (Figure 1). Selected geometrical parameters from the
optimization of the side-on (1s-5s) and end-on (le-5e)
coordination modes, as well as for the uncoordinated mole-
cules (1-5), are listed in Table 1.

The E—E bond lengths in the neutral free molecules
compare quite well with available experimental values

E= N (Is), P (2s), As (3s),
Sb (4s), Bi (5s),

E= N (1e), P (2¢), As(3e),
Sb (4e), Bi (5e),
Si~ (7s), Ge™ (8s), Si” (7e), Ge™ (8e),
Sn (9s), Pb™ (10s) Sn (9e), Pb™ (10e)
Figure 1. Schematic representation of the W(CO)s complexes with neutral
and anionic ligands showing the C,, symmetry of the side-on coordination
mode and the C,, symmetry of the end-on coordination mode.

(N—N: 1.098 A;21 P—P:1.893 A;2) As—As:2.103 A;2 Sb—Sb:
2.48 A;l Bi—Bi: 2.660 A>), and previously calculated the-
oretical results (N-N: 1.106 A;2"1 P—P: 1.894 A;8 As—As:
2.164 A;®1 Sb—Sb: 2.58 A;?! Bi—Bi: 2.79 A®)). The calcu-
lated values of the heavier species As,, Sb,, and Bi, at BP86/
LANL2DZ(+) agree better with the experimental data than
BP86/TZP but both methods predict very similar changes of
the interatomic distances E—E in the complexes The only
calculated E—E bond lengths in complexes that can be
compared to experimental results are the N—N distances in
1s and 1e. In 1s this distance is calculated with both methods
as 1.129 A, which is longer than the only experimentally
determined side-on coordinated N—N bond length of
1.058(30) A in the complex Os(NH;)s(72-N,).) However,
the authors of this paper point out that the observed
shortening is not significant, considering the large estimated
standard deviation of the bond length, and the fact that the
bond is between two light atoms in the close proximity of the
heavy Os atom. Furthermore, their reported DFT calculations
predicted that a lengthening of the N-N bond (by 0.02 A)
should be observed, which also agreed with the observed IR
spectrum, where the N—N stretching vibration was down-
shifted from that of the end-on coordinated N,.

The 1.120 A N—N separation calculated for 1e compares
well with the average N—N bond length of 1.11(7) A
determined from 76 experimental structures reported in the
Cambridge Structural Database.’) The bond lengths in
complexes 2s—5s and 2e—5e can only be compared to those
in structures containing P,, As,, Sb,, and Bi, coordinated to
more than one metal fragment. In complexes containing two
metal fragments coordinating in a side-on fashion the average
E—E bond lengths are 2.08(5), 2.28(3), 2.678 (only one
examplel!) and 2.84(3) A for PP, As—As, Sb—Sb, and Bi—Bi,
respectively.’”] Despite the fact that these structures involve
coordination of the ligand to an extra metal center the
distances compare very well to the calculated separations
listed in Table 1. In addition, E—E separations in complexes
containing two side-on coordinated metal fragments and one
or two end-on coordinated metal fragments do not differ
significantly from these values either (P, coordinated to three
metal fragments: 2.07(2) A; P, coordinated to four metal
fragments: 2.08(2) A; As, coordinated to four metal frag-
ments: 2.30(2) A).B% Thus, surprisingly, it appears that the
E-E ligand is not significantly affected by the addition of
metal fragments. This statement echoes that of Huttner

Table 1. Selected bond lengths [A] and angles [°] of neutral [W(CO)s(E,)] complexes and free ligands calculated at BPS6/TZP. Values at BP86/

LANL2DZ(+) are given in parentheses.

E= NQ) P (2)

As (3) Sb (4) Bi (5)

free ligand bond length 1.104 (1.107)

1.935 (1.937)

2.161 (2.124) 2.579 (2.506) 2.728 (2.665)

side-on bond length E-E 1.129 (1.129) 2.001 (2.007) 2.250 (2.204) 2.674 (2.592) 2.824 (2.752)
coordination bond lengths E-W 2.474 (2.519) 2.683 (2.695) 2.815 (2.791) 3.020 (2.995) 3.129 (3.064)
W—C(trans) 1.979(1.981) 2.016 (2.021) 2.010 (2.019) 2.005 (2.014) 1.999 (2.010)
average W—C(cis) 2.059 (2.051) 2.065 (2.067) 2.063 (2.066) 2.061 (2.064) 2.059 (2.063)
bond angle W-E-E 76.81 (77.05) 68.11 (68.14) 66.44 (66.75) 63.72 (64.36) 63.18 (63.32)
end-on bond length E-E 1.120 (1.121) 1.934 (1.938) 2.161 (2.121) 2.564 (2.496) 2.714 (2.651)
coordination bond length E-W 2.117 (2.124) 2.434 (2.449) 2.585 (2.556) 2.779 (2.757) 2.913 (2.840)
W—C(trans) 2.019 (2.022) 2.027 (2.029) 2.010 (2.019) 2.002 (2.012) 1.990 (2.003)
W—C(cis) 2.060 (2.062) 2.062 (2.064) 2.061 (2.064) 2.059 (2.062) 2.058 (2.061)
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et al.,?d who noted that the two extra Cr(CO); fragments in
[(Mo(CO),Cp},{Cr(CO)s}h,As,] did not have an obvious influ-
ence on the core geometry of [{Mo(CO),Cp},As,].

Comparison of the calculated values in Table 1 shows that
upon side-on coordination the E—E bond becomes increas-
ingly lengthened from that in the uncoordinated molecule
along the series 1s—5s (0.022 A for 1s to 0.096 A for 5s). In
the case of the end-on coordinated ligands (1e—5e), however,
only the N-N bond lengthens by 0.013 A upon metal
coordination. The P—P (in 2e) and As—As (in 3e) bonds
remain unaffected by coordination, while the Sb—Sb (in 4e)
and Bi—Bi (in 5e) bonds are even shortened (by 0.015 and
0.014 A, respectively).

The absolute energies, bond dissociation energies (D), and
zero-point corrected energies (D,) of the various neutral
complexes are given in Table 2. The theoretically predicted
trend in the bond dissociation energies is shown in Figure 2.
Since the respective BP86/TZP and BP86/LANL2DZ(+)
results agree very well, the discussion will compare results in
terms of the values obtained at BP86/TZP only.

The theoretically predicted bond dissociation energies
indicate that the end-on bonded N, ligand in 1e is much
more strongly bound (D,=24.9 kcalmol™') than the side-on
bonded ligand in 1s (D, = 8.3 kcal mol!). In contrast to the N,
ligand, the heavier ligands P,-Bi, are clearly more strongly
bonded in the side-on mode than in the end-on mode. The
bond dissociation energies of 2s—5s are much higher (D, =

37.9 —39.0 kcalmol!) than the D, value of 1s. Note that the
D, values of the former complexes do not vary very much for
the different ligands P,—Bi,. In the end-on bonded com-
plexes, 1e-5e, the phosphorous and arsenic ligands are slightly
more strongly bonded than N,, but Sb, and Bi, are more
weakly bonded than N,. The different trends in the bond
dissociation energies of the side-on and end-on complexes are
displayed in Figure 2. What is the explanation for the strong
increase in the D, value from 1s to 2s—5s, while the change in
the bond dissociation energy from 1e to 2e—5e is much less?
In the following discussion we will analyze the metal —ligand
interaction to address this question, first looking at the results
of the electronic structure analysis and then at the energy
decomposition analysis. The quantitative bonding analysis
will be carried out in conjunction with the qualitative bonding
model which is adapted from the Dewar — Chatt — Duncanson
orbital scheme for olefins.?? The relevant orbital interactions
of the side-on complexes are shown in Figure 3. The metal -
ligand interactions are discussed in terms of a) o donation
from the in-plane m orbital of the ligand (which has o
symmetry in the complex) to empty orbitals of the metal and
b) in-plane & back-donation (sr;) from the filled d(m) AO of
the metal into the empty zt* orbital of E,. The ligands with a
formal triple bond E=E may also c) donate from the out-of-
plane 7, orbital into the empty d(;t) AO of the metal. Finally,
there may also be d) out-of-plane back-donation from
occupied d(0) AOs of the metal into the empty mt* orbital of

N, P, As, Sb, Bi, Si,2”  Ge,>”  Sn,>  Pby,>”
T T T T 1
6 7 8 9 10
i
g
T 504 —&— Side-on: Dg
g —e = End-on: De
3 -60
[
c
w704
-80 —a
=
-90 -
-100 -

Figure 2. Bond dissociation energies (D,) of neutral and anionic [W(CO)s(E—E)] complexes at BP86/TZP in kcal mol .

Table 2. Absolute energies, bond dissociation energies D, zero-point corrected bond energies D, of the neutral [W(CO);(E,)] molecules calculated at BP86/TZP.
Values at BPS6/LANL2DZ(+) are given in parentheses. The energy difference between the end-on and side-on coordination modes AE,,,q is also given.

E=N(1) P (2) As (3) Sb (4) Bi (5)

free ligand  energy (a. u.) —0.60644 (—19.95899)  —0.31418 (—13.13543)  —0.26074 (—12.50531) —0.20031 (—10.96672) — 0.18382 (—10.90759)
side-on energy (a. u.) —3.83795 (—654.64015) —3.59457 (—647.86455) —3.53949 (—647.23646) — 3.48060 (—645.70029) — 3.46245 (—645.64391)
coordination D, (kcalmol ') —83(-92) —39.0 (—39.3) —38.0 (—40.6) —389 (—42.1) —37.9 (—43.8)

D, (kcalmol ') —7.4(-82) —38.0 (—38.4) —37.3(~39.9) — 383 (—41.5) —37.4 (433)
end-on energy (a. u.) —3.86440 (—654.66809) —3.58314 (—647.85349) —3.51952 (—647.21758) — 3.45804 (—645.67679) — 3.43349 (—645.61269)
coordination D, (kcalmol ') —249 (—26.7) —31.8 (32.6) —254 (—28.7) —24.8 (27.4) —19.7 (—24.2)

D, (kcalmol ") —233(=252) —30.9 (—31.4) —24.8 (—28.1) —243 (~26.9) —19.2 (—23.7)

AE goorq (kcalmol™') —16.6 (—17.5) +7.2 (+6.9) +12.5 (+11.8) +142 (+14.8) +18.2 (+19.6)
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Figure 3. Schematic representation of the bonding models for the side-on coordination of E, to W(CO)s,
showing donor—acceptor interactions in the a,(a), a, (b), b; (c), and b, (d) representations.

E,. Figure 3 shows that the four types of orbital interactions
can be distinguished in molecules with C,, symmetry because
the orbitals have a;, b,, b;, and a, symmetry, respectively.
Results from the natural bond orbital (NBO) analysis,
including the E-E and E-W Wiberg bond indices (WBI) and
NBO charges on E and W, are listed in Table 3. The WBI
values for the E—E bonds in the complexes (1s—5s and 1e—
5e) are lower (between 2.76 for both 1s and 1e and 2.13 and
2.61 for 5s and Se, respectively) than the value of 3.0 found in
1-5. This agrees with the previous proposals that the bond
order should decrease. 4 Furthermore, there is a significant
difference between the dinitrogen complexes 1s/le and the
heavier homologues 2s/2e—5s/5e. The former species have
identical WBI values (2.76), while the side-on complexes 2s—
55 have significantly smaller WBI values (2.13 -2.25) than the
end-on isomers 2e —5e (2.61 —2.68). There is very little charge
donation from the N, m; orbital into the W(CO)s acceptor
orbital in 1s (0.08 ¢), but there is significant charge donation
from the E, m orbital of the heavier homologues in 2s-5s
(0.43-0.61 e). The charge donation from the E, 7, orbital in
2s—35s is negligible. At the same time, the charge acceptance
of the m* orbital of the N, ligand in 1s (0.17 e) is clearly less
than the acceptance of the m* orbital of the E, ligands in

25-5s (0.31-0.36 €), while the
¥ acceptance of the end-on
coordinated ligands in 1e—Se
remains small for the heavier
ligands as well (0.09-0.12¢).
The charge donation from the o
lone pair orbital of the ligands
in the latter complexes 1e—5Se
is much larger (0.26-0.59¢),
but its influence on the bond
l;) order is small because the o
i {az) HOMO of E, is only weakly
bonding. The WBI values of the
E—W bond in the end-on com-
plexes le-S5e are higher
(0.48-0.62) than in the side-on
complexes 1s—-5s (0.23-0.42),
however in the former species
there is only one E—W bond, while in the latter there are two.

The significant difference between the dinitrogen com-
plexes 1s/1e and the heavier homologues 2s/2e—5s/5e also
comes to the fore through the calculated total charge
exchange between the E, ligands and the W(CO); fragment.
Table 3 shows that the ligands E, always carry a positive
charge, whereas the partial charge of the N, ligand in 1s
(0.02 ¢) and 1e (0.03 e) is very small. The partial charges of E,
in the side-on complexes 2s—5s (0.18-0.40 ¢) and end-on
complexes 2e—5e (0.18-0.28 e) are clearly higher. In
summary, the analysis of the electronic structure of 1s—5s
and le—S5e shows significant differences between the dini-
trogen species 1s/1e and the heavier homologues 2s/2e—5s/
5e. The WBI bond indices and the charge distribution suggest
that the metal —ligand interactions in the side-on coordinated
species 2s—5s clearly become stronger than in 1s, while the
differences betwen 1e and 2 e —5e appear to not be very large.
From the data it is not obvious, however, why N, clearly
prefers end-on coordination over side-on coordination. The
influence of electrostatic interactions on the metal —ligand
bonding in the side-on and end-on complexes also remains
unclear. A more detailed insight, that also gives a quantitative
estimate of the energy contributions of the covalent and

Table 3. Wiberg bond indices (WBI) and atomic partial charges on E and W (¢(E) and g(W)) of neutral [W(CO)s(E,)] molecules from NBO analysis

calculated at BP86/LANL2DZ(+).

E= N (1) P (2) As (3) Sb (4) Bi (5)
free ligand WBI 3.02 3.00 3.00 3.00 3.00
charge 0 0 0 0 0
side-on WBI E-E 2.76 2.25 221 2.15 213
coordination WBI E-W 0.23 0.42 0.41 0.40 0.38
q (E) 0.01 0.09 0.12 0.17 0.20
q (W) -0.59 -0.79 —0.80 -0.82 —0.80
no. electrons donated from E—~E s orbital 0.08 0.43 0.48 0.57 0.61
no. electrons donated from E—E m, orbital 0.01 0.05 0.05 0.06 0.07
no. of electrons accepted into E—E mt* orbital 0.17 0.36 0.35 0.33 0.31
end-on WBI E-E 2.76 2.68 2.66 2.66 2.61
coordination WBI E-W 0.50, 0.16 0.62, 0.15 0.57,0.15 0.53,0.14 0.48, 0.16
q(E coordinated, E terminal) —0.05, 0.08 0.12, 0.06 0.13, 0.08 0.18, 0.09 0.17,0.11
q(W) -0.57 -0.83 —0.83 —0.83 —0.81
no. electrons donated from E lone pair orbital 0.26 0.41 0.34 0.59 0.25
no. of electrons accepted into E—E nt* orbital 0.12 0.13 0.12 0.11 0.09
3522 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ~ www.chemeurj.org  Chem. Eur. J. 2003, 9, 35183529
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electrostatic interactions, is giv-
en by the energy decomposition
analysis (EDA), whose results
are presented in the following
section.

Table 4 gives the EDA results
for the side-on complexes 1s—
5s and the end-on complexes
le-S5e. It becomes obvious
that the calculated metal-li-
gand interaction energies AE;,
show the same trend as the
bond dissociation energies D..
It follows that the different
bonding behavior of the E,
ligands is indeed caused by the
intrinsic bonding interactions
and not by relaxation effects.
The trends of the different en-
ergy terms of the metal -ligand
interaction energies are dis-
played in Figure 4 and Figure 5.

We begin with the side-on
coordinated complexes 1s—5s.
Table4 shows that the
(CO)sW-N, interactions in 1s
are approximately two thirds
covalent (AE,;=66.0%) and
one third electrostatic
(AE 4. =34.0%). The bonding
in the heavier homologues 2s—
5s has a uniformly higher de-
gree of electrostatic character
(AE 440 =46.6-48.4%) which
suggests that the bonding in
the latter compounds is approx-
imately half covalent and half
electrostatic. The breakdown of
the AE,,, term into orbital con-

N>
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40 3 —e— Side-on: orbital

~ —aA — End-on: electrostatic
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Figure 4. Comparison of electrostatic and orbital interactions for W(CO)s complexes containing neutral and
anionic E, ligands coordinated in side-on and end-on modes.
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Figure 5. Comparison of ¢ and t interactions for W(CO)s complexes containing neutral and anionic E, ligands
coordinated in side-on and end-on modes.

Table 4. Energy decomposition analysis of the neutral [W(CO)s(E,)] molecules calculated at BP86/TZP. The symmetry point group for the side-on
coordination mode is C,, and C,, for the end-on coordination mode. All values are in kcalmol .

E= N (1) P(2) As (3) Sb (4) Bi (5)
side-on AE;, —10.1 —43.7 —43.1 —44.0 —424
coordination AEp,u 435 128.2 117.4 116.3 110.0
AEg a0 —18.2(33.9%) —88.6 (51.5%) —83.7 (52.1%) —81.9 (51.0%) —81.3(53.3%)
AEoy, —35.4 (66.0%) —83.4 (484%) —76.8 (47.8%) — 784 (489%) —71.1 (46.6%)
a, (0) —14.4 (40.5%) —353(423%) —35.8 (46.5%) —42.4 (542%) —42.4 (59.7%)
a, (0) -1.1(3.1%) —3.6(44%) —3.0(39%) —24(3.1%) —1.8(2.5%)
by () —1.5(4.3%) —49(59%) —3.7(4.8%) —3.6 (4.6%) —3.1(44%)
b, (7)) —18.4 (52.0%) —39.5(474%) —34.4 (44.8%) —29.9 (38.1%) —23.8(33.5%)
end-on AE;, —-27.1 —33.8 —26.8 —25.9 —-204
coordination AEp, i 68.2 79.5 61.1 58.6 459
AEggu —43.8 (459%) —47.5 (41.8%) —37.6 (42.7%) —40.5 (47.9%) —30.2 (45.5%)
AEoy, —51.4 (54.0%) —65.9 (58.1%) —50.3 (572%) —44.0 (52.0%) —36.1 (544%)
a; (0) —23.8 (46.3%) —34.7 (52.8%) —30.2 (60.1%) —29.8 (67.7%) —27.0 (747 %)
a, 0 0 0 0 0
b, —0.1(0.1%) —0.2(02%) —0.1(0.1%) 0.0 (0.0%) 0.0 (0.1%)
b, 0.0 (0.1%) —0.2(02%) —0.1(02%) 0.0 (0.1%) 0.0 (0.1%)
e, (m) —27.5(53.5%) —30.8 (46.8%) —19.9 (39.6%) —14.2 (32.3%) —9.1(252%)
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tributions of different symmetry reveals that, in the dinitrogen
complex 1s, the m interactions are stronger than the o
interactions. The a;(0) interactions increase continuously
from 1s (40.5%) to 5s (59.7%). Note that the charge
donation of the ligand out-of-plane m, orbital (b, orbital in
the complex) and the out-of-plane back-donation from
occupied d(6) AOs of the metal (a, orbital in the complex)
contribute very little to the covalent bonding in all complexes
(Table 4).

The largest difference between the EDA results of the end-
on bonded dinitrogen complex le and the side-on bonded
isomer 1s is the significantly higher degree of electrostatic
attraction in the former species (AE,q,=46.0%) as com-
pared to the latter (AE g, =34.0%). This is in agreement
with the conclusion of Sakaki et al., which they drew from
their ab initio study of [RhCI(PH,),(N,)]. The authors
suggested that one of the reasons for the greater stability of
the end-on coordination mode is that it receives greater
stabilization from the electrostatic interactions. While the
end-on bonded dinitrogen complex 1e has a higher degree of
electrostatic bonding than the side-on bonded isomer 1s, the
bonding in the heavier homologues 2e—5Se exhibits less
electrostatic character than in 2s—5s. The EDA results in
Table 4 indicate that the relative contributions of covalent and
electrostatic bonding in 1e are not very different from the
heavier homologues 2e—5e. The ¢ contribution to the AE,,
term increases smoothly from 1e (46.3%) to 5e (74.7 %) and
thus, it exhibits the same trend as for the side-on bonded
species. The increase in the o contribution to AE,, in the end-
on and side-on complexes is displayed in Figure 5. The
dominant influence of the AE,, term becomes visible from
Figure 4, which shows the trends of the electrostatic and
covalent contributions to the metal —ligand interactions in the
end-on and side-on complexes. The curves of the AE,,, term
of the two isomeric forms cross from nitrogen to phosphorus,
while the curves of the AE,, term change less. The most
important conclusion that can be drawn from the energy
decomposition analysis is as follows: The preference of the
heavier homologues, P,— Bi,, for binding in a side-on mode
over the end-on mode in the complexes (CO)sW—E,, which is
opposite to the behavior of N,, comes mainly from the much
stronger electrostatic attraction in 2s-35s.

It is interesting to compare the results of the NBO analysis
(Table 3) with the results of the EDA calculations (Table 4).
Some trends in the charge analysis are in agreement with the
calculated energy contributions to the bonding interactions.
For example, the theoretically predicted o donation in the
side-on bonded complex 1s, which comes from the occupied &
orbital® of N, (0.08 ¢), is less than the calculated acceptor
charge of the st* orbital (0.17 e), which is in agreement with
the larger energy contribution to AE,,, by the b, orbitals than
the a, orbitals. The calculated charge donation from the =
orbital and the charged acceptance of the m* orbital is higher
for the heavier E, ligands in 2s—5s than in 1s (Table 3) which
agrees with the larger contributions by the a, and b, orbitals to
AE,,, (Table 4). The small amount of charge donation from
the m, orbitals in 1e—5e are also in agreement with the low
energy contributions of the b, orbitals. However, the charge
acceptance of the m* orbitals calculated for the end-on
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complexes 1le—5e is very small (0.09-0.13 e), which is at
variance with the substantial energy contribution by the e,
orbital, which is particularly large in 1e and 2e (Table 4). In
addition, the small differences between the calculated m*
acceptor charges do not agree with the substantially different
energy contributions by the e, orbitals. Note that the
electronic charge is donated into the mt* orbitals of E,, which
are built from the n(p,) AOs, where n changes from 2 (E =N)
to 6 (E=Bi). The energy levels of the orbitals are very
different but the energetic effect of the charge donation is not
apparaent from the occupation number. It is important to
recognize that although charge partitioning methods are
useful for gaining insight into the electronic structure of a
molecule, it is difficult to obtain information about the energy
contributions to the interatomic interactions from a charge
analysis.

The lengthening of the E—E distance upon side-on coordi-
nation in the complexes 1s—5s can be explained by the
metal — E, orbital interactions that weaken the E—E bonding
through charge donation from the E, m bonding orbital and
charge acceptance into the w* orbital. This model is quanti-
tatively supported by the calculated energy values of the a,
and b, orbital contributions to the AE, term that are given
in Table 4. But what about the E—E distance in the end-on
coordinated complexes 1e—S5e, which is only slightly longer
or even shorter than in the free ligands? Sakaki et al.l’*] also
noted in their theoretical study of [RhCI(PH;)N,] that the N,
separation did not lengthen as much as expected upon
coordination and ascribed this to attractive electrostatic
interactions between the two N atoms as a result of the
opposite charge of the nitrogen atoms in the complex. In our
study the N—N bond length in 1e is also not lengthened as
much as in 1s. However, 2e to 5e do not exhibit a charge
difference, and yet show less lengthening or even shortening
of the bond upon end-on coordination, as described above. To
understand this effect and in order to gain insight into the
change in the E—E bonding situation between the free ligand
E, and the end-on coordinated complexes we analyzed the
E—E bonding between W(CO);E and E and compared it to
the bonding in E—E. The results of this analysis are shown in
Table 5.

The values in Table 5 shows that the attractive interactions
in E, have a significant electrostatic character. The electro-
static contributions to the E-E bonding in the free ligands E,
increases from 30.0% in N, to 57.6 % in Bi,. Thus, there is a
significant electrostatic attraction in E,, to the extent that it
becomes the largest contributor to the bonding interaction in
Sb, and Bi,. This result seems surprising since standard
textbook knowledge teaches that unpolar bonds are purely
covalent. However, a theoretical analysis by Spackman and
Maslen of the interatomic electrostatic interactions between
two spherical atoms showed already that the electrostatic
attraction in homoatomic species E, is larger than the total
bonding energy with the notable exception of H,.’* The
results in Table 5 are in agreement with the data of Spackman
and Maslen, with the absolute values of the AE,, term
always being larger than AFE;,. Another surprising result,
which contradicts common knowledge, is the relative strength
of the m bonding contribution in E,. It is well known that

www.chemeurj.org Chem. Eur. J. 2003, 9, 35183529



Coordination Modes of E, Ligands in [W(CO);E,] Complexes

3518-3529

Table 5. Energy decomposition analysis of the neutral [(W(CO);E)—E] and E—E molecules calculated at BP86/TZP. The symmetry point group is C,, for the

end-on coordination mode. All values are in kcalmol~'.

E= N1 P(2) As (3) Sb (4) Bi (5)
free ligand AE,, —237.8 —113.9 —88.2 -62.0 —55.5
AEp,u 794.8 298.8 247.5 182.5 168.5
AEgga —310.6 (30.1%) —176.8 (42.8%) —162.4 (48.4%) —134.1 (54.8%) —129.2 (57.7%)
AEoy —721.9 (69.9%) —2359 (572%) —173.3 (51.6%) —110.5 (452%) —94.8 (42.3%)
a, (0) —474.6 (65.7 %) —141.5 (60.0%) —106.8 (61.6%) —71.3 (64.5%) —62.2 (65.6%)
a, 0 0 0 0 0
b, 0 0 0 0 0
b, 0 0 0 0 0
e, (m) —247.3 (343%) —94.4 (40.0%) —66.4 (38.4%) —39.2 (35.5%) —32.6 (34.4%)
end-on AE;, —241.2 —130.0 —101.0 —-755 —65.1
coordination AEp,i 716.3 257.8 208.3 154.8 138.6
AEgga —274.1 (28.6%) —143.5 (37.0%) —128.6 (41.6%) —107.7 (46.7 %) —98.4 (48.3%)
AEoy —683.4 (711.4%) —244.3 (63.0%) —180.7 (58.4%) —122.7 (53.3%) —105.3 (51.7%)
a, (0) —437.3 (63.9%) —139.8 (572%) —107.7 (59.6 %) —76.6 (62.4%) —66.8 (63.4%)
a, 0 0 0 0 0
b, —0.2 (0.1%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
b, —0.1(0.0%) —0.1(0.1%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
e, (m) —245.8 (36.0%) —104.5 (42.7%) —73.0 (40.4%) —46.0 (37.6%) —38.4 (36.6%)

molecules containing t bonds between elements of the first
octal row are stable, while unsaturated homologues of heavier
elements are difficult to produce. This is usually explained by
the weakness of the m bond between the heavier elements.
Table 5 shows that the percentage contribution of the x bonds
of P,—Bi, (34.3-40.0%) to the covalent bonding is higher
than in N, (34.2%). The difficulty in preparing stable
compounds with multiple bonds of heavier elements is not
caused by the intrinsically weak m bonding but by the
comparatively high energy gain by the latter molecules in
reactions, which leads to molecules with single bonds.

Here our interest focuses on the change in the E—E
interactions upon coordination with W(CO)s. Table 5 shows
rather uniform alterations in 1e—5e. The interaction energy
AE;, becomes continuously higher, which means that, in the
complexes, there is stronger E—E interatomic attraction. Note
that the increase in the AE;, values does not correlate with the
change in the E—E bond lengths (Table 1). In the complexes,
the N—N distance becomes longer than in free N,, the P—P
and As—As distances remain nearly the same, while the Sb—Sb
and Bi—Bi bonds become longer than in free E,. Table 5
shows that the E—E bonds in the complexes always have a
higher covalent character (51.6-71.3%) than in free E,

(42.3-69.9%). The covalent bonding in 1e—5e has a slightly
higher contribution from m bonding (36.0-42.7%) than in E,
(34.2-40.0%).

In their study of end-on coordinated [RhCI(PH;)N,] Sakaki
et al.®* found that the N, separation did not lengthen as much
as expected upon coordination and ascribed this to attractive
electrostatic interactions, since the charge on the coordinated
N atom was negative, while the other N atom was positive.
Opposite charges at the nitrogen atoms are also calculated for
le (Table2). However, the EDA results show that the
electrostatic attraction between the nitrogen atoms of 1e is
weaker than in N, (Table 5). It has already been pointed out
by us that atomic partial charges are not a reliable probe for
electrostatic interactions because the electron density distri-
bution of an atom in a molecule is in most cases anisotropic.’]

Anionic complexes: The complexes containing anionic group-
14 E, ligands coordinated in side-on and end-on modes have
similar geometries to their neutral Group 15 counterparts.
Table 6 lists selected bond lengths and angles for complexes
7s-10s and 7e—10e, as well as the free anions 7-10.

No comparable structures have been reported for com-
plexes containing the anionic ligands, other than the star-type

Table 6. Selected bond lengths [A] and angles [°] of anionic [W(CO)s(E,)]*~ complexes and free ligands calculated at BP86/TZP. Values at BP86/

LANL2DZ(+) are given in parentheses.

m
1

Si~ (7)

Ge™ (8) Sn (9) Pb- (10)

free ligand bond length 2.270 (2.204)

side-on bond length E-E 2.227 (2.239)
coordination bond lengths E-W 2.886 (2.903)
W—C(trans) 1.973 (1.979)
average W—C(cis) 2.052 (2.054)
bond angle W-E-E 67.31 (67.32)
end-on bond length E-E 2.143 (2.154)
coordination bond length E-W 2.716 (2.719)

W—C(trans)
W—C(cis)

1.982 (1.985)
2.045 (2.045)

2.357 (2.329)

2.396 (2.371)
3.036 (2.995)
1.964 (1.975)
2.051 (2.054)
66.76 (66.68)

2.286 (2.273)
2.836 (2.800)
1.973 (1.980)
2.044 (2.045)

2.717 (2.701)

2.769 (2.743)
3218 (3.197)
1.961 (1.968)
2.052 (2.052)
64.51 (64.59)

2.647 (2.631)
3.001 (2.983)
1.970 (1.976)
2.044 (2.045)

2.886 (2.794)

2.908 (2.838)
3.346 (3.298)
1.957 (1.964)
2.051 (2.053)
64.24 (64.51)

2782 (2.719)
3.130 (3.077)
1.965 (1.972)
2.043 (2.045)
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complex, [{W(CO)s},Pb,)>> (Pb—Pb  bond length
2.806(8) A).’' The experimental Pb—Pb bond length in
[{W(CO)s},Pb,]?> is in between the values calculated for 10s
and 10e. This suggests that, since coordination of a single
metal fragment in side-on coordination mode results in a
lengthening of the E—E bond, while end-on coordination has
the opposite effect, the presence of metal fragments in both
side-on and end-on coordination modes in [{W(CO)s},Pb,]*~
results in an intermediate length. The E—E bond lengths
follow a similar trend to those in the complexes with neutral
ligands—side-on coordination of the complexes results in a
lengthening of the E—E bond relative to the value in the free
dianion, whereas in the end-on coordination mode the E—E
bond is shortened.

The absolute energies, dissociation energies (D,) and zero-
point corrected energies (D,) of the various anionic com-
plexes are listed in Table 7, with the bond energies in
comparison to those of the neutral ligands graphically
represented in Figure 2. The results show that the anionic
ligands are far more strongly bonded than in the case of the
neutral ligands, irrespective of whether the coordination is
side-on or end-on (D,=78.0-93.5 kcalmol~!). As with the
corresponding neutral complexes the E, ligands are more
strongly bonded in the side-on coordination mode than the
end-on mode (difference in D,=12-3.3 kcalmol™'), al-
though the difference in energy of less than 3.3 kcalmol™!
indicates that the preference for side-on coordination is not as

great as for the neutral ligands. We will again analyze these
results by means of the electronic structure analysis and
energy decomposition analysis.

A list of E—E and E—W Wiberg bond indices (WBI) and the
natural bond orbital (NBO) charges on E and W are given in
Table 8.

As with the neutral complexes the WBI values of the E-E
bonds in 7s-10s and 7e—10e are lower than the value of 3.0
found for 7-10. The WBI values for 7s—10s are lower than
for the corresponding neutral complexes (1s—5s), and
indicate that the anionic ligands have double bond character
in the side-on coordinated complexes. These low values can be
correlated to the significant amount of charge donation from
the E, in-plane m-orbital®? which is substantially greater
(0.83-0.93 e) than in 1s—5s. The donation from the 5, orbital
of the ligands is always small in the latter complexes but larger
than in the neutral species. Note that the charge acceptance by
the st* orbital (0.11-0.12) is less than for 1s—35s. In the end-on
coordinated complexes 7e—10e, however, the WBI values
(2.59-2.79) are very similar to the values found for 1e—5e.
The charge donation from the o lone pair orbital (0.92-
1.27 e) is significantly larger than in 1e—5e, but as with the
neutral complexes the 0 HOMO of E, is weakly bonding, thus
its influence on the bond order is small. The E-W WBI values
of 7s-10s (0.20-0.23) and 7e-10e (0.29-0.37) are lower
than those for the neutral ligands. The NBO charges show that
much of the charge is delocalized from the previously anionic

Table 7. Absolute energies, bond dissociation energies D., zero-point corrected bond energies D, of the anionic [W(CO)s(E,)]*~ molecules calculated at
BP86/TZP. Values at BP86/LANL2DZ(+) are given in parentheses. The energy difference between the end-on and side-on coordination modes AE,,4 is also

given.

E= Si (7)

Ge~

@®) Sn~ (9) Pb- (10)

free ligand energy (a. u.) —0.16614 (—7.68339)

—0.15573 (—7.62374)

—0.13629 (— 6.81074) —0.11724 (- 6.92549)

side-on energy (a. u.) —3.54021 (- 642.53392) —3.52454 (— 642.46653) —3.49561 (- 641.64077)  —3.47071 (- 641.75222)
coordination D, (kcalmol™!) —93.5 (—101.6) —90.2(—96.7) —84.3 (—88.7) —80.6 (—86.6)

D, (kcalmol ) —93.4 (—101.5) —90.4 (- 96.9) —84.5 (—89.0) —80.2 (—86.2)
end-on energy (a. u.) —3.53831 (- 642.52956) —3.51934 (- 642.46116) — 349260 (—641.63798)  —3.46649 (— 641.74760)
coordination D, (kcalmol?) —92.3 (—98.8) —87.0 (—93.4) —82.4 (—87.0) —78.0 (—83.8)

D, (kcalmol ') —92.1 (—98.6) —87.0 (—93.4) —82.5(—87.1) — 782 (—83.9)

AE g (kcalmol ') +1.2(+27) +33(+34) +19(+1.8) +2.6 (+2.9)

Table 8. Wiberg bond indices (WBI) and atomic partial charges on E and W (¢(E) and g(W)) of anionic [W(CO)s(E,)]*~ molecules from NBO analysis

calculated at BP86/LANL2DZ(+).

E= Si~ (7) Ge™ (8) Sn~ (9) Pb- (10)

free ligand WBI 3.02 3.01 3.00 3.01

charge -1 -1 -1 -1
side-on WBI E-E 2.03 2.00 1.97 2.00
coordination WBI E-W 0.23 0.22 0.22 0.20

q (E) —0.42 —0.43 —0.42 —0.44

q (W) —0.69 —0.67 —0.65 -0.6

no. electrons donated from E—~E s orbital 0.83 0.86 0.91 0.93

no. electrons donated from E—E m, orbital 0.17 0.15 0.15 0.13

no. of electrons accepted into E-E xt* orbital 0.13 0.12 0.12 0.11
end-on WBI E-E 2.79 2.71 2.68 2.59
coordination WBI E-W 0.37, 0.05 0.34, 0.07 0.32, 0.08 0.29, 0.10

q(E coordinated, E terminal) —0.41, —0.60 —0.38, —0.63 -0.29, —0.70 -0.29, -0.71

q(W) -0.71 —0.68 —0.67 —0.64

no. electrons donated from E lone pair orbital 0.92 1.04 1.11 1.27

no. of electrons accepted into E-E nt* orbital 0.16 0.24 0.25 0.32
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E, ligand, with complexes 7s—10s exhibiting very similar
charges (—0.42 to —0.44). In complexes 7e—10e the NBO
charge on the coordinated atom decreases from —0.41 to
—0.29 along the series, with a concomitant increase in the
NBO charge on the other E atom (from —0.61 to —0.71).

The energy decomposition analysis results, shown in
Table 9 and Figure 4 and Figure 5, give a clearer picture of
the covalent and electrostatic interactions involved in the
formation of the anionic complexes. Note that the relative
strength of the AE,, values also predicts that the side-one
bonded complexes are slightly more stable than the end-on
bonded isomers.

First we will look at the results for the side-on coordinated
complexes 7s—10s. As might be expected the electrostatic
interactions between the anionic E, ligand and the metal
fragment play a much greater role than in the neutral
complexes (AE g, =—140.5 to —189.8 kcalmol?!), so that
despite an increase in the orbital interactions (AE,, = —102.0
to —131.4 kcalmol ') the interactions are ~60 % electrostatic
in character. The orbital contributions of different symmetries
to the AE,, term shows that the o bonding is significantly
larger (78.0-83.1%) than in the neutral complexes. The
ligand-out-of-plane &, orbital (b, orbital in the complex) also
contributes more to the covalent bonding. This is in agree-
ment with the slightly larger charge donation of the s, orbital
given by the NBO analysis. The energy contribution of the
out-of-plane back-donation from occupied d(d) AOs of the
metal (a, orbital in the complex) remains small, however.

In the end-on coordinated complexes, 7e—10e, the electro-
static interactions also play a larger role than in the neutral
complexes, so that the orbital interactions are about 60 %
electrostatic. This value is similar to that for 7s—10s, despite
both electrostatic and orbital interactions being weaker in
7e—-10e. The o bonding interactions, given by the breakdown
of the AE,,, term, are larger than in the neutral complexes,
contributing about 80 % of the orbital interactions.

The AE, ., and AE, terms are more negative for 7s—10s
when compared with 7e—10e. The stabilization of the side-on
coordination mode with respect to the end-on mode can thus
be ascribed to both the electrostatic and orbital energy terms.

This is different to the neutral complexes, where the AE
term could be identified as responsible for the lower energy of
2s—5s. The Pauli repulsion, on the other hand, is substantially
larger for 7s—10s (difference between AE,,; terms=47.2—
56.7 kcalmol™!), with the result that the overall energy
difference between the side-on and end-on coordinated
complexes is small, but nevertheless favors the side-on
coordination mode. The conclusion is that the slightly lower
energy of the side-on bonded complexes 7s—10s can not be
ascribed to a particular energy component.

If we now return to the NBO analysis we can see that the
large charge donation from the m; orbitals predicted for 7s-
10s (larger than for 1s—-5s) agrees with the large o bonding
term calculated in the EDA results (also larger than for 1s—
5s). The same is true for the large amount of charge donation
from the o lone pair orbital in 7e—10e, which agrees with the
large o bonding contribution predicted by the EDA. The small
contribution by the m-bonding in 7s—-10s and 7e—10e to the
orbital interactions is echoed by the small amount of charge
acceptance by the E, m* orbital. However, the EDA results
show that the strength of both the o and & bonding decreases
along the series 7s—10s and 7e—10e, whereas the NBO
analysis suggests that the reverse is true, for all except the
charge acceptance into the m* orbitals of 7s—10s.

Since the E—E bonds in 7e-10e showed an even greater
shortening upon end-on coordination than their neutral
counterparts the bonding was analysed as before by using
the W(CO);E~ and E- as fragments in the energy decom-
position analysis (Table 10). The results show that the bonding
in the complexes (52.5-66.3 %) has a slightly greater covalent
character than in the free anionic molecules (45.7-66.5%).
The m-bonding contribution to the covalent bonding is slightly
larger (28.9-34.1%) than in the free molecules (28.0-
29.7 %), but is sufficient to explain the shortening in the bond.

Conclusion

The calculation of W(CO); with neutral diatomic ligands N,,
P,, As,, Sb,, and Bi, and anionic ligands Si,>~, Ge,>~, Sn,>",

Table 9. Energy decomposition analysis of the anionic [W(CO)s(E,)]*~ molecules calculated at BP86/TZP. The symmetry point group for the side-on

coordination mode is C,, and C,, for the end-on coordination mode. All values are in kcalmol .

E= Si~ (7) Ge™ (8) Sn- (9) Pb- (10)
side-on AE;, —99.5 —-954 —89.3 —86.0
coordination AEp, i 221.7 175.8 172.0 156.5
AEgga —189.8 (59.1%) —157.3 (58.0%) —153.3 (58.7%) —140.5 (57.9%)
AEoy, —131.4 (40.9%) —113.9 (42.0%) —108.0 (41.3%) —102.0 (42.1%)
a; (0) —102.5 (78.0%) —90.0 (79.0%) —87.1 (80.6%) —84.8 (83.1)
a, (0) —-151.1%) -12(1.1%) —-1.1(1.0%) —0.9 (0.9%)
b, () —12.3(94%) —9.4(83%) —8.4(7.8%) —6.5(6.3%)
b, (7)) —15.1 (11.5%) —132 (11.6%) —11.4 (10.6%) —9.9(9.7%)
end-on AE;, -99.1 -913 —86.3 —-822
coordination AEp, 165.0 128.6 122.0 107.6
AEgi —164.1 (62.1%) —130.1 (59.2%) —121.2 (582%) —107.5 (56.6%)
AEqy, —100.0 (37.9%) —89.8 (40.8%) —87.2 (41.8%) — 823 (434%)
a; (0) —79.0 (79.0%) —71.6 (79.7%) —72.3(82.9%) —70.7 (85.9%)
a, —0.3(0.3%) —-0.2 (02%) —0.2(0.2%) —0.1(02%)
b, —0.8 (0.8%) —0.5(0.6%) —0.5(0.6%) —0.5(0.6%)
b, —0.7 (0.7%) —0.7 (0.8%) —0.4(0.5%) —0.3(04%)
e; (m) —-19.2 (192%) —16.8 (18.7%) —13.8 (15.8%) —10.6 (12.9%)
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Table 10. Energy decomposition analysis of the anionic [(W(CO)sE)—E]*~ and [E—E]*~ molecules calculated at BP86/TZP. The symmetry point group C,,.

All values are in kcalmol~'.

E= Si~ (7) Ge™ (8) Sn~ (9) Pb- (10)
free ligand AE;, 4.6 53 13.4 19.0
AEp,i 227.4 216.9 1954 188.5
AEgga —74.6 (33.5%) —84.5 (40.0%) —89.1 (49.0%) —91.9 (542%)
AEqy, —148.2 (66.5%) —127.0 (60.0%) -92.8 (51.0%) —77.6 (45.8%)
Al (o) —106.6 (71.9%) —89.5(70.5%) —65.9 (71.0%) —54.5(70.2%)
A2 0 0 0 0
B1 0 0 0 0
B2 0 0 0 0
El () —41.6 (28.1%) —37.5(29.5%) —27.0 (29.0%) —23.1(29.8%)
end-on AE;, —-36.5 —-30.9 —-19.2 —12.0
coordination AEpi 203.6 194.9 175.0 162.9
AEg. —80.8 (33.6%) —85.4(37.8%) —89.7 (46.2%) —83.1 (47.5%)
AEqy —159.4 (66.4%) —1404 (62.2%) —104.5 (53.8%) —91.8 (52.5%)
Al (o) —104.9 (65.8%) —93.9 (66.9%) —72.3(692%) —653(71.1%)
A2 —0.1(0.1%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
B1 —02(0.1%) —0.1(0.1%) —0.1(0.1%) —0.1(0.1%)
B2 —0.2 (0.1%) —0.2(0.1%) —0.1(0.1%) —0.1(0.1%)
El (m) —54.1(33.9%) —46.2 (329%) —31.9 (30.6%) —26.4 (28.7%)

and Pb,>~ coordinated in both side-on and end-on modes
using density functional methods was presented in this paper.
The calculations showed that the neutral ligands prefer side-
on coordination modes, with the exception of N,, which
coordinates preferentially in end-on mode, as indicated in the
literature. The anionic ligands show only a slight preference
for side-on coordination. Energy decomposition analysis
results indicate that the electrostatic interactions between
the ligand and the metal fragment play the decisive role in
deciding the coordination mode in the neutral complexes. In
the case of the N, complex it is the weakness of the
electrostatic interactions in the side-on coordination mode
that destabilizes it relative to the end-on mode. For all other
ligands the electrostatic interactions between the metal and
ligand in side-on coordination mode are stronger than for
end-on. The electrostatic interactions between the neutral
ligands 2s—S5s and the metal fragments in end-on mode are
particularly weak, resulting in the strong preference for side-
on coordination. The anionic ligands, not surprisingly, exhibit
much greater electrostatic interactions with the metal frag-
ments in both the side-on and end-on coordination modes,
however the difference in stabilization is smaller than for the
neutral ligands, with the effect that the preference for the side-
on coordination mode is not as pronounced.

This work thus shows that it should, in principle, be possible
to obtain complexes of P,, As,, Sb,, Bi,, Si,>~, Ge,>~, Sn,?",
and Pb,?~ coordinated to a single metal fragment in a side-on
coordination mode since the theoretically predicted binding
energies are rather high. The fact that none have been
structurally characterized suggests that coordination to 2 or
more metal fragments is even more stable. Calculations to
confirm this are currently in progress in our laboratory.

NBO and EDA results show that the bonding situation in
the complexes is similar for the neutral and anionic ligands.
The E—E WBI decreases from 3 in the free ligand to between
2 and 2.8 in all complexes. The NBO analysis shows that in the
side-on coordination mode charge donation from the neutral
ligands is lower than in the anionic ligands, thus the E-E WBI
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values are higher. The E-E WBI values are less affected by
the amount of charge donation when the E, ligands are
coordinated in an end-on mode, with the WBI values being
similar for all complexes. The E—E bond lengths in the end-on
coordinated complexes, 2e—10e, were found to be shortened
relative to the free ligands. This was ascribed to the m-bonding
involved in the E—E bonding strengthening upon coordina-
tion.

We are currently extending this work to look at complexes
where the E, ligands coordinate to more than one metal
fragment.
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